Fermi liquid properties of nuclear matter at finite temperature are studied by employing a relativistic nonlinear (σ, ω) model of quantum hadrodynamics (QHD). The relativistic nonlinear (σ, ω) model is one of the thermodynamically consistent QHD approximations. The QHD approximations maintain the fundamental requirement of density functional theory (DFT). Hence, the finite temperature nonlinear (σ, ω) mean-field approximation can be self-consistently constructed as a conserving approximation. Fermi liquid properties of nuclear matter, such as incompressibility, symmetry energy, first sound velocity and Landau parameters, are calculated with the nonlinear (σ, ω) mean-field approximation, and contributions of nonlinear interactions and finite temperature effects are discussed. Self-consistent structure to an employed approximation as conserving approximation is essential to examine physical quantities at finite temperature. Finite-temperature effects are not large at high density, however, the Fermi ground state, density of states and Fermi-liquid properties may be varied noticeably with a finite temperature (  T 10 MeV ) at low densities. Low-density finite-temperature and high-density finite-temperature experiments might exhibit physically different results, which should be investigated to understand nuclear manybody phenomena.
Introduction
Quantum hadronic theories of hot and dense nuclear matter have been applied to nuclear-structure properties such as proton-nucleus scattering and nuclear matter [1] - [5] , and problems of nuclear-astrophysics: neutron stars, baryon-hyperon phase transition, hadron-quark phase transition and quark-gluon plasma. Equations of state of nuclear and hyperonic matter are fundamental to examine properties of neutron star masses, radii, moments of inertia [6] - [8] . It is expected that the phase-transition temperature from hadronic phase to quark-gluon plasma should be of the order of T = 200 MeV, and it is hoped that head-on heavy-ion collision experiments may achieve physical values of defining hadron-quark phase transition [9] - [11] . In order to examine wide variety of hypothetical nuclear and astrophysical phenomena, one will need consistent microscopic many-body calculations based on a relativistic quantum field theory at finite temperature [12] [13] .
The dynamics of infinite hadronic matter can be checked against conditions of macroscopic conservation laws, such as, the virial theorem [14] , the first law of thermodynamics, Gibbs' relation and the corresponding differential laws which are written covariantly [15] [16] . Macroscopic properties are expressed with particle density, energy density, pressure and entropy constructed from basic interactions of particles. Covariant formulations of thermodynamics and thermodynamic consistency in microscopic calculations are explicitly shown in a relativistic formalism. The consistency of microscopic calculations and validity of approximations can be examined through macroscopic conservation laws [17] - [23] .
Nuclear many-body theory states that even in the strong interaction region, the effect of the nuclear medium on a specific nucleon about the Fermi energy range can be described by a single particle energy that will be determined by microscopic interactions of particles. For all processes with energy near the Fermi energy, the nucleus may be considered as a gas of (quasi-) particles [4] [24] [25] , which satisfies macroscopic conservation laws, and we have a picture that self-consistently determined or dressed single particles move within the mean-field potential of nucleons. The dynamically determined single particle energy constructed from a basic Hamiltonian or a Lagrangean and the self-consistent single quasiparticle energy of nuclear matter must be equivalent at the Fermi surface, which is known as Landau's requirement of quasiparticles [26] - [28] or the requirement of density functional theory (DFT) [29] [30] .
We employ a relativistic nonlinear (σ, ω) effective model of hadrons [8] [31], extended from a relativistic quantum field theory, Quantum Hadrodynamics (QHD) [32] [33] , and the nonlinear mean-field approximation is applied to nuclear matter in order to investigate Fermi liquid properties of nuclear matter at finite temperature.
The mean-field approximation (Walecka model) to the theory of QHD produces a thermodynamically consistent field theoretical approximation. One can directly show that dynamical single particle energy defined in Green's function and quasiparticle energy defined by Landau's fundamental requirement are equal, and consequently, Fermi liquid properties of nuclear matter are discussed consistently at zero temperature [34] - [36] . The self-consistency, equality of dynamical and quasiparticle single particle energies, can be proved only if nonlinear interactions are properly renormalized. The fundamental requirement of conserving approximation or DFT is satisfied. The nonlinear (σ, ω) effective model is a conserving approximation [37] [38] , which is also essential for self-consistent finite temperature approximations. Nonlinear interactions should be properly renormalized as effective masses and effective coupling constants to be a conserving approximation.
The high-density, high-energy phenomena would require a relativistic and non-equilibrium kinetic theory at finite temperature. The relation between quasiparticle scattering amplitudes and Landau parameters is necessary for reasonable approximations and calculations for finite temperature properties of Fermi liquids [39] . Relativistic hadronic models are also essential to examine nuclear fissions and cluster radioactivities in terms of conservation laws and self-consistency [40] - [42] . Astrophysical problems such as the formation of neutron stars require finite temperature and nonlinear hadronic approximations [15] [16] [33] ; density and temperature inside stars will increase toward the center of a star, which is expected to produce pion condensations, hyperon generations and hadron-quark neutron stars [7] [8] [10] [31] .
It is important to know finite temperature effects on many-body systems of quasiparticles. Based on self-consistency and DFT, we extend the nonlinear (σ, ω) effective model to the finite temperature mean-field approximation and examine Landau parameters, finite temperature effects on Fermi liquid properties of nuclear matter.
Macroscopic Properties at Zero Temperature
The distribution function, ( ) n k , is a function of quasiparticle momentum k and single particle energy ( ) (0 ≤ k ≤ k F ) directly connected to the ground state energy of Fermi particles at T = 0, and the single particle energy is equal to the chemical potential, μ 0 . The distribution function, ( ) n k , has a characteristic property at T = 0: 1 (k ≤ μ 0 ) and 0 (k > μ 0 ), and physical quantities of the ground state of nuclear matter are described by the Fermi momentum, k F , or the baryon density, 3 2 6π
where ζ is a spin-isospin degeneracy number (ζ = 2 for neutron matter and ζ = 4 for nuclear matter).
The current nonlinear ( ) , σ ω mean-field lagrangian is defined by:
and meson quantum fields are replaced with classical fields: φ φ 
where σ ρ ψψ ≡ is the scalar source;
µ µ ρ ψγ ψ ρ = = j is the baryon density and baryon current density. The explicit expression of scalar source σ ρ is derived from minimization of energy density with respect to φ , or self-consistent condition of
where ( ) ( ) where ζ is a degeneracy factor: ζ = 4 for nuclear matter and ζ = 2 for neutron matter. The baryon current, j B , is similarly obtained from self-consistent condition as,
where the momentum κ is defined by [34] ,
The single particle energy is given by Green's function formalism, and the Fermi energy, ( ) F E k , and chemical potential defined by the Gibbs' relation in thermodynamics can be proved to be equal in the mean-field approximations to QHD, which shows that the requirement of conserving approximations [17] 
The matrix structure of the baryon self-energy will be reduced generally to the following form:
and so, we have three independent self-energy functions, 
The self-consistent effective masses of hadrons should be determined from equations of motion, Green's functions for baryons and mesons and the condition of self-consistency, 
One should note that the effective masses (10) and self-energies (11) are derived from self-consistent condition,
, and equations of motion for mesons. Hence, renormalized effective masses and self-energies are consistent with requirements of thermodynamic consistency and the density functional theory.
The saturation curves of binding energy at T = 0 are given in Figure 1 , in order to show that the linear (σ, ω) and nonlinear (σ, ω) mean-field approximations in QHD model maintain the fundamental requirement of nuclear matter, which is taken in the current calculation as, ρ B = 0.148 fm at saturation density).
Macroscopic Properties at Finite Temperature
To describe the system at finite temperature, we need a thermodynamic potential and partition function that will select the correct ground state in the limit T → 0 [15] [16] . In the current calculations, the nonlinear (σ, ω) mean-field is reproduced at T → 0. Thus, we are naturally directed to define (12) and the thermodynamic potential in our nonlinear (σ, ω) model is ( , , , ln
where v is a fluid velocity and P is a momentum density in nuclear matter.
In finite temperature nuclear matter, particle anti-particle distribution functions are given by,
where the single particle energy is:
. The momentum κ is given by 
where B j is the baryon current:
The self-consistency of nonlinear (σ, ω) approximation requires
The chemical potential, T µ , is equal to the single particle energy at finite temperature ( ) F E k , and the baryon density,
which is denoted as ρ B for simplicity at finite temperature computations. The equation of motion for scalar meson, which leads to the correct ground state in the limit T → 0 and consistent with thermodynamic potential (13) , is given by
The scalar field, φ , is related to the nucleon effective mass M * as 
The energy density, pressure, entropy density and momentum density in the nonlinear (σ, ω) model are directly July 2016 | Volume 3 | e2757
derived from the thermodynamic potential (13):
Note that the coupling constants are fixed so as to produce the nuclear matter saturation property: Though nonlinear coupling constants are introduced as free parameters to the model, the saturation conditions, self-consistency and density-dependent nonlinear interactions restrict the values of nonlinear coupling constants [6] [8] [10] . The restrictions to coupling constants become strict when spontaneous symmetry breaking mechanism is used to produce the chiral (σ, π, ω) mean-field model [8] [31] .
It is necessary to check whether or not generated physical quantities satisfy macroscopic conservation laws. Thermodynamic relations are discussed in the Ref. [15] [16] , and one can directly check the following fundamental thermodynamic relation, Gibbs' relation, from the above equations, , T B p Ts µ ρ
and in the rest frame of nuclear matter, or a comoving frame defined by 0
The thermodynamic functions are self-consistently solved by choosing constants, T, ν and v , and solving
Equations (20) and (21) by iteration for the baryon and meson effective masses, baryon density and current. The concept of Fermi surface at finite temperature is introduced by the relation:
Equation (27) 
in the rest frame of nuclear matter with the limit of the baryon current, 0 B → j . This allows us to change the variable κ to k , and the Fermi surface at finite temperature T is defined by
where ν is the chemical potential at T = 0.
At a finite temperature and a low density, it is known that the sharp Fermi surface will be smoothed out, which is also perceived by the disappearance of solutions to Equation (27) at low densities. The stable ground state of Fermi-liquid at T = 0 is defined by a sharp Fermi energy defined by energy density, and the quasi-particle energy and Pauli exclusion principle are expressed simultaneously. In a finite temperature system, a sharp Fermi surface is smeared out by the effect of temperature agitation. Especially, Fermi energy at low density is completely smeared out and used, for example, to effective masses of hadrons and single particle energy, resulting in the increase of effective masses and binding energies shown in Figure 3 and Figure 4 . These characteristics are consistent with those discussed in nonrelativistic calculations of 3 He [27] . The definition of Fermi surface is given by the condition, (29) , and hence, solutions do not exist when M ν * > . These phenomena appear at low densities in a finite temperature (see Figure 3) . It indicates that Fermi energy is absorbed to M * or single particle energy, ( ) E k , resulting in the disappearance of When baryon density is low, the Fermi surface is gradually smeared out and vanishes as temperature increases. With a fixed finite temperature, the Fermi energy (27) gradually becomes sharp as baryon density increases. The effect of temperature appears at low densities when the thermal energy exceeds Fermi energy and unfreezes the ground state energy of nuclear matter, indicating a gas-liquid phase transition of nuclear matter. The Fermi liquid analysis is confined in higher densities shown in nucleon effective masses and binding energies at 0 T ≠ in Figure 3 and Figure 4 . Hadron effective masses are thermally increased slightly at low densities by absorbing Fermi ground state energy, while the quasiparticle energy and Fermi ground state (Fermi surface) are supposed at all densities in other calculations [4] [24]- [28] . July 2016 | Volume 3 | e2757 All discrete summations of physical quantities are changed to integrations taking care of spin-isospin degrees of freedom [32] . In order to compute thermodynamic functions, one needs to solve self-consistent equations for M * ; then, ρ B , ω μ and other quantities are determined. In finite temperature calculations, main contributions from numerical integrations are generated in the range,
; numerical convergences are checked carefully. The baryon density is expressed as (19) which is the function of ( ) i i n n κ κ − , and because of the emergence of anti-particles, the ground state of Fermi-sphere is slow to increase at finite temperatures.
In Figure 3 , effective masses are shown for T = 10, T = 30 and T = 50 MeV. The temperature effect is small on effective masses, and the result of T = 10 MeV is almost similar to the one at T = 0. However, the binding energy curves in Figure 4 indicate that the single particle energy at saturation density is relatively increased with temperature in the range 10 50 MeV T   . The gas-liquid type phase transition is generally expected about saturation density [7] [32], and the binding energy at saturation is enhanced up to a higher density by finite temperature effects (see, Figure 4 at T = 30 and T = 50). The effect of enhancement at saturation density continues to affect calculations of Fermi liquid properties, such as incompressibility, symmetry energy, first sound velocity and so forth.
Landau Parameters at Finite Temperature
Landau's theory of Fermi liquid is constructed so that quantum statistical properties, such as energy density, pressure, single particle energy and self-energies are consistent with macroscopic conservation laws, in other words, thermodynamic relations [4] [24]- [28] [34]- [36] . The requirement is not trivially true in an approximation, which is self-consistently related to Hamiltonian or Lagrangian formalism and approximation methods. The validity and applicability of Fermi-liquid theory are confined in the Fermi energy range, finite temperature and density which reasonably maintain ( )
= , or in non-equilibrium systems close to their equilibria. Landau's Fermi-liquid properties are discussed at densities where solutions to the self-consistent single particle energy, (29) , exist.
Based on the results in the sec. 3, Landau theory of nuclear matter can be rigorously discussed, since the current nonlinear (σ, ω) approximation maintains macroscopic conservation laws which can be rigorously proved with the fundamental relation, ( )
, in the current approximation. Landau parameters are calculated from self-consistent single particle energy, i ε , and functional derivative of i ε with respect to particle distributions, i n or i n , in the current approximation. Landau parameters are self-consistently computed at the Fermi surface defined by (29) 1 , 1 .
The closed forms of the coupled equations for the derivatives, (16), (18) for i κ , and (10), (20), (21) 
Since j B and * M are symmetric with respect to the baryon and antibaryon distribution functions, the functional derivatives, (32)- (34), we obtain ( ) 
where ζ is the spin-isospin degeneracy factor: ζ = 2 for neutron matter, ζ = 4 for nuclear matter. The dimensionless Landau parameters are defined by
and the parameters, ( ) In the nonlinear (σ, ω) calculation, the values of Landau parameters, F 0 and F 1 , become smaller compared to the linear (σ, ω) calculation (LHA). In addition, the finite temperature contribution shifts the density dependence of Landau parameters to a high density, resulting in the decrease of the magnitude of Landau parameters. The Figure 6 shows that baryon-antibaryon, ( NN ), interactions contribute negative in all densities, and it indicates that ( NN ) many-particle system is unstable. The many-body systems of ( ) 
It is easy to see 
Macroscopic Properties and Scattering of Quasiparticles
Fermi-liquid properties, such as incompressibility, first sound velocity, symmetry energy and Landau parameters are discussed in a relativistic formalism [8] [45] [46] . The incompressibility, K, and symmetry energy, a 4 , are defined by (T = 0):
where the isovector, ρ 3 , is given by ( ) 
where the density of states, N F , baryon density, ρ B , and Landau parameters are given in Sec. 3. In the current nonlinear (σ, ω) mean-field approximation, symmetry energy can be generally calculated as
which gives rather small value for a 4 . The Landau parameter, 0 F′ , is the dimensionless parameter for isovector quasiparticle interactions, and one can directly check 0 0 F′ = in (σ, ω) model using (43) . Serot and Walecka extended (σ, ω) model by including ρ-meson, and the model is used to calculate the symmetry energy and isovector Landau parameter [32] [34] [43] - [46] , resulting in a reasonable value of a 4 .
The incompressibilities, K, and symmetry energies, a 4 , for symmetric nuclear matter in the nonlinear (σ, ω) approximation at T = 0, T = 30, T = 50 are shown in Figure 8 and Figure 9 and compared to the result of the linear (σ, ω) mean-field approximation (LHA). The hydrodynamic first sound velocity C 1 in the relativistic case is given by 2 1 , 9 where p,  are pressure and energy density;
is the chemical potential (single particle energy at the Fermi surface) of the system. The first sound velocities are shown in Figure 10 . The average nucleon velocity in the medium is about 0.21c (c is the velocity of light) at normal nuclear density (T = 0), and C 1 is smaller than the velocity of light at all densities, which is consistent with causality. The effect of temperature to Fermiliquid properties are not large at high densities, however, one should note that the density regions of the gas-liquid phase transition at low densities are slightly extended to higher densities.
The Fermi-liquid properties are significantly reduced at high densities by nonlinear interactions. Because saturation curves are shifted to a higher density and energy (Figure 4) , many-body properties such as incompressibility, symmetry energy and first sound velocity at saturation density are accordingly shifted to higher densities (Figure 8, Figure 9 and Figure 10) , and it shows that the gas phase or gas-liquid type phase transition is also shifted to higher densities. These characteristic density-dependent properties at finite temperature should be checked experimentally. 
is the relativistic Fermi velocity. The equation for the corresponding scattering amplitude is defined by,
The expansions of Legendre polynomials in Equation (35) yield:
where
Properties of symmetric nuclear matter at saturation densities are listed. The saturation of the NHA (T ≥ 50) cannot be defined.
The transition probabilities of the quasiparticle collisions of baryon-baryon, baryon-antibaryon scattering, W ij and ij W , are defined as, 
and the average transition probabilities are computed from the Equation (49) by employing Equation (50). Because of assumptions introduced to derive the equation for the scattering amplitude, the validity of Equation (48) should be confined in a density where constraints, 
Concluding Remarks
The nonlinear (σ, ω) mean-field approximation is extended to finite temperature and applied to properties of nuclear matter by way of Landau's Fermi-liquid theory. The finite temperature mean-field approximations in QHD are thermodynamically consistent relativistic approximations, and Landau's assumption in the theory of Fermi liquid is maintained rigorously. Hence, nonlinear interactions of hadrons and finite temperature effects can be consistently examined in the mean-filed approximation of QHD. The nonlinear interactions appear as density-dependent and energy-dependent interactions, which manifestly contribute at high densities. On the contrary, finite temperature effects appear at low densities of the Fermi-liquid ground state of nuclear matter and contribute to observables at saturation density. Although finite temperature effects on hadron effective masses are not large, the single particle energy ( ) E k and Landau parameters, F 0 , F 1 , are subject to temperature contributions at low densities. The finite temperature effects of symmetry energy, incompressibility and sound velocity should be reexamined by including ρ-meosn [43] - [46] .
At finite temperature, the Fermi surface is smeared out, which is observed by comparing Fermi momentums, , the Fermi surface at saturation density disappears completely. Though effective masses of nucleons and mesons change slightly, the single particle energy, symmetry energy and modifications to Landau parameters should be examined carefully at finite temperature and low densities.
The Landau parameters in scattering amplitude, (48)-(50), should be checked in heavy-ion collision experiments, for instance, whether the modification to Fermi liquid properties or the reduction to Landau parameters is significant or not. Nucleon and meson effective masses depend on nonlinear and density interactions, which become noticeable above saturation densities. Hence, nonlinear and density modifications to physical quantities are important from saturation to higher densities, whereas finite temperature modifications would be important from low to saturation densities. From the current Hartree approximation, it is suggested that Fermi-liquid properties are fairly sensitive to variations of temperature at low densities.
Physical quantities sensitive to Landau parameters, 0 s F and 0 a F , or the density of states at the Fermi surface ( ) F N T should be checked at low density and finite temperature. The specific heat depends on the density of states and linearly on temperature in low temperature limit [26] . Properties of Fermi liquid would be moderately stable at high densities and temperatures. There may be certain static properties of nucleus sensitive to low density and temperature, charge and electromagnetic interactions [24] . Physical quantities directly related to the density of states at the Fermi surface should be examined at a low temperature and a low density nuclear system. In addition, non-equilibrium process should be included. Fermi liquid properties at finite temperature with nonequilibrium effects may exhibit different results from those obtained by approximations at T = 0. The exchange interaction in the Dirac-Hartree-Fock approximation in QHD is applied to obtain the value of Landau parameters [35] [36] . The similar analyses may be carried out in more sophisticated approximations in QHD, such as the effective chiral (σ, π, ω) mean-field [8] [31] approximation, the chiral (σ, π, ω) Hartee-Fock approximation [47] , and the chiral (σ, π, ω, ρ) model [48] . These analyses are necessary for applications to neutron stars as high density matter [6] - [8] , nuclear fission and cluster radioactivity [40] - [42] . It is important for the theory of finite temperature quantum liquids to examine heavy-ion collision experiments at a low temperature and a density, so as to clarify the validity and applicability of quasiparticle approach in nuclear matter.
